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ABSTRACT
Influence of filtration and glucose amendment on bacterial growth rate at different tidal conditions in the Minho
Estuary River (NW Portugal)
Bacterioplankton abundance, biomass and growth rates were studied in the Minho Estuary River (NW Portugal). The influence
of tidal conditions, glucose amendment, and the filtration process on total bacterial abundance, total and faecal coliforms, as
well as faecal streptococci, were evaluated in laboratory incubation experiments. Physical and chemical conditions, as well as
bacterial abundance in this estuary were found to be typical for oligo-mesotrophic coastal ecosystems. Bacterial abundance
was higher at high tide, probably due to hydrodynamics and resuspension of bacteria from sediments. In contrast, a significant
decrease of bacterial indicators of faecal pollution at high tide was probably the result of various causes, such as the decrease
of continental and agricultural land run-off effect by dilution, and/or increase in the abundance of potential specific predators.
Thus, drastic changes were induced at high tide that led to a lack of bacterial growth and the net disappearance of most of the
bacterial populations. Glucose amendment, at used concentration, was not found to stimulate bacterial growth, which instead
could be limited by inorganic nutrients.
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RESUMEN
Influencia de la filtracio´n y de la adicio´n de glucosa en la tasa de crecimiento bacteriano en diferentes condiciones de
marea en el estuario del rı´o Min˜o (Noroeste de Portugal)
La abundancia, la biomasa y las tasas de crecimiento de bacterioplancton fueron estudiadas en el estuario del rı´o Min˜o
(NW Portugal). La influencia de condiciones de marea, de la adicio´n de glucosa y del proceso de filtracio´n en la abundancia
total de bacterias, coliformes totales y coliformes fecales, ası´ como de estreptococos fecales, fue evaluada en experimentos
de incubacio´n en laboratorio. Las condiciones fı´sicas y quı´micas, ası´ como la abundancia bacteriana encontradas en este
estuario son tı´picas para los ecosistemas costeros oligo-mesotroficos. La abundancia bacteriana fue ma´s alta en la alta marea,
probablemente debido a la hidrodina´mica y a la resuspensio´n de bacterias de los sedimentos. En contraste, la disminucio´n
significativa de los indicadores bacterianos de la contaminacio´n fecal en la alta marea resulto´ probablemente de varias
causas, tales como la disminucio´n del efecto de vertido de la regio´n continental y agrı´cola por la dilucio´n, y/o aumento en
la abundancia de depredadores especı´ficos potenciales. En resultado, cambios dra´sticos fueron inducidos en la alta marea
originando la ausencia de crecimiento bacteriano y la desaparicio´n neta de la mayorı´a de las poblaciones bacterianas.
La adicio´n de la glucosa, en la concentracio´n usada, no estimulo´ el crecimiento bacteriano, que se podrı´a limitar por los
alimentos inorga´nicos.
Palabras clave: Bacterioplancton, indicadores fecales, filtracio´n, adicio´n de glucosa, mareas.
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INTRODUCTION
Several environmental factors, such as predation,
organic dissolved substrates, toxic compounds,
temperature, and solar radiation may influence
bacterial growth and survival in the aquatic
environment (Sherr et al., 1989; Nybroe et al.,
1992; Christoffersen et al., 1995; Hansen &
Christoffersen, 1995; Suzuki, 1999; Caron et al.,
2000; Calbet et al., 2001).
In estuarine areas, tides are natural pheno-
mena that cause changes in the densities of
bacterial populations and heterotrophic activities
(Cunha et al., 2000; 2001). The diversity of the
bacterial assemblages may also be affected by the
twice-daily rhythm of tides, because the two sys-
tems (ocean and estuarine waters) differ in terms
of growth conditions and carrying capacity. On
the other hand, microbiological pollution repre-
sents one of the most widespread impairments
for water uses caused by urban drainage dischar-
ges. Moreover, concerns about the spreading of
waterborne diseases caused by such waters led
to the promulgation of bacteriological water qua-
lity criteria which specify the tolerable concen-
trations of various faecal indicator microorga-
nisms. The primary criteria deals with indicator
bacteria (e.g. total coliforms, faecal coliforms,
faecal streptococci, Escherichia coli) which indi-
cate the potential presence of pathogens (USEPA,
1986; Marsalek et al., 1994).
The study of the relationship between tide
events and faecal indicator bacteria in estua-
rine areas is of great importance, because it
allows making useful recommendations in terms
of water use and public health protection (Fat-
tal et al., 1986). In this sense, to know the
estuarine dynamics of faecal indicator bacte-
ria can represent an important contribution par-
ticularly if effluent discharges reach estuarine
areas as it occurs in the Minho Estuary Ri-
ver. To our knowledge no previous studies were
carried out on this estuary concerning bacte-
rial dynamics, which should encourage addi-
tional investigations in order to fill this gap.
The main goals of this study were to deter-
mine (i) the relationship between tidal events
and abundance of faecal indicator bacteria in the
Minho Estuary River and (ii) the influence of
the tidal conditions, filtration and glucose amend-
ment on bacterial abundance and overall growth
rate. Aiming to achieve the mentioned goals, a
field-sampling programme was designed to cha-
racterise the bacterioplankton pool in the Minho
estuary at low and high tides. Moreover, estua-
rine water samples were experimentally manipu-
lated in the laboratory to determine the overall
growth rates of bacterioplankton assemblages.
Figure 1. Location of the sampling site in the Minho
Estuary River, North West coast of Portugal (Image from
the National System of Geographic Information, Portugal).
Ubicacio´n del punto de muestreo en el estuario del rı´o Min˜o,
costa Noroeste de Portugal. (Imagen del Sistema Geogra´fico
Nacional, Portugal).
MATERIAL AND METHODS
Sampling site
The Minho Estuary River is a temperate
water-body located in the North West coast
of Portugal (41◦52′N, 08◦51′W) (Fig. 1). The
sampling site was established on the left bank
of the Minho estuary, at the small town of
Caminha, approximately 1 km upstream of the
Atlantic Ocean. Water samples were collected
in April 1998 (days 22 and 29) during the low
and high tide for the physical and chemical
characterisation of the estuarine water as well
as for the enumeration of bacterial abundance
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and faecal indicator bacteria; on days 22 and 29,
water samples were experimentally manipulated
in the laboratory to determine the overall growth
rate of bacterioplankton assemblages at low and
high tide conditions, respectively.
Physical, chemical and bacteriological
variables
Water temperature, pH, dissolved oxygen, con-
ductivity and salinity were determined in situ
using an YSI Model 33 SCT meter and an YSI
Model 54 oxygen probe.
Water samples from the bottom (about 1 m
depth and 3.5 m depth, at low and high ti-
des, respectively) and from the water surface
(about 0.1 m depth) were collected with a 2-
liter Ruttner sampler and pooled into a com-
posite sample of approximately 30 L. We kept
collected water samples in isolated isothermic
containers which were transported to the labo-
ratory within a few hours. In the laboratory, we
homogenised the water before we measured al-
kalinity and chlorophyll a (Chl a). We measu-
red alkalinity using the acidimetric indicator end
point method (Golterman et al., 1978) and Chl
a according to Lorenzen (1967).
The total bacterial number (TBN) was de-
termined by epifluorescence microscopy af-
ter fixating water samples with glutaraldehyde
(1.5 %, final concentration). The samples were
filtered through black Nuclepore filters (0.2
µm pore size), stained with 4′, 6-diamidino-2-
phenylindole (DAPI) (1µg/mL, final concentra-
tion) according to Porter & Feig (1980); stained
filters were mounted on glass slides with Leica
immersion oil, and then frozen (−20◦ C) until
microscopic examination. On each filter, at least
300 cells were counted in 10 fields (x1250 mag-
nification) using a Leica DM LB 30T microscope
equipped with a fluorescence filter system (ultra-
violet excitation filter of 340-380 nm, and emis-
sion filter of 430 nm) and a fluotar 100/1.32 oil
objective. Cells were measured under an epifluo-
rescent microscope with the aid of an ocular lens
equipped with a reticule (Graticules Ltd).
The membrane filtration method included in
the APHA procedures (1992) and three dilutions
(sterile NaCl, 0.9 %) with three replicates
for each dilution were used to count total
coliforms (TC), faecal coliforms (FC), and faecal
streptococci (FS).
The specific growth rates of the bacterial
assemblages in the laboratory experiments were
estimated as k = 1/t × ln (Nt/N0) (Mcmanus,
1993), where k represents the growth rate, Nt the
total bacterial number at time t, and N0 the total
bacterial number at time 0.
Determination of the total bacterial biomass
was based on a mean value of cell biovolume of
0.07 µm3 that was obtained from size measure-
ments of approximately 50 cells by each coun-
ted field, and visualised on enlarged micrographs.
The calculation was done according to the allo-
metric relationship between cell volume and car-
bon content reported by Norland (1993).
Experimental setup
For each tide condition, the experimental setup
in the laboratory was as follows: a sub sample
was taken from the composite sample obtained
in the field and was distributed in twelve cleaned
1.5 L polycarbonate bottles that were placed
in a 15 L water bath. The water bath was
continuously flooded with tap water to keep the
samples at 15-17◦ C, which was similar to the
in situ temperature at the sampling time. One
set of six bottles was filled with water screened
through a 20 µm mesh size net, while another set
of six bottles was filled with water sequentially
filtered through GF/C filters and then through a
1 µm pore size polycarbonate membrane filter.
We assumed that the first set of bottles contained
the natural density of heterotrophic flagellates
and ciliates (<20 µm) and we also assumed that
the second set did not contain the mentioned
predators. All bottles were incubated at room
light and each bottle was aerated to create water
circulation by means of a tube connected to an
air pump; a small piece of cotton was placed in
the free tip of the tube to avoid contamination
of the culture bottles by airborne bacteria. The
bottles were allowed to stand for 2 hours without
further manipulation for acclimation before the
first sampling. Then, three bottles of each set of
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six bottles were amended each with 1 mg glucose
per litre. Thus, each experimental condition was
run three times.
The two experiments lasted four days, and
sampling was performed every 24 hours, except
on the third day for the experiment at high tide
condition, because of logistical problems.
To compare the four sets of conditions for
each tide condition, we performed a statistical
analysis day by day: we used the two-tailed t−test
to test for differences between means of total
bacterial number and number of faecal indicator
bacteria at low and high tides; we assessed
differences between the average biomass in all
laboratory treatments in each experiment by the
non-parametric Kruskal-Wallis ANOVA by ranks
(Fowler et al., 1998).
RESULTS
Physical, chemical, and bacteriological
variables in the study site
The basic physical and chemical variables
measured in the sampled area are given in Table
1. Water temperature varied between 12.4◦ C and
13.3◦ C at low tide, and between 13.0◦ C and
13.9◦ C at high tide. Estuarine waters were well
oxygenated, and pH ranged from neutral (7.0) to
slightly alkaline values (7.9). Measurements of
salinity (0.0 and 0.3 ) and conductivity (120
and 280 µS/cm) clearly reflected the dominance
of freshwater during low tide and that of marine
oceanic water during high tide (23.0  and
29500 µS/cm). During high tide, salinity varied
Figure 2. Average field bacterial densities at low and high
tides in the Minho Estuary River (Bar and whisker plot;
bars: Mean ± Standard error; whiskers: Mean ± Standard
Deviation; Total Bacterial Number: white rectangle; Total
Coliforms: white circle; Faecal Coliforms: black square; Faecal
Streptococci: cross). Densidades bacterianas promedio en baja
y alta marea en el estuario del rı´o Min˜o (Barras y figura
whisker; barras: Media ± Error esta´ndar, whiskers: Media ±
Desviacio´n esta´ndar; Nu´mero total de bacterias: recta´ngulo
blanco; Coliformes totales: cı´rculo blanco; Coliformes fecales:
cuadrado negro; Estreptococos fecales: cruz).
from 3.0 at the water surface to 25.0 at the
bottom; conductivity varied from 5000 µS/cm
(at water surface) to 31000 µS/cm (at the
bottom), indicating the existence of a salinity
and conductivity gradient in the prospected area.
At low tide, there was practically no remaining
salinity and the conductivity was much lower
comparing with high tide.
This situation is typical for the Minho Estuary
River, because Azevedo (1995) reported similar
values and confirms that our results were typical
for that tidal influenced area. At high tide, alkali-
nity was higher at both sampling dates, showing
Table 1. Physical and chemical variables of the pooled water samples (covering the entire vertical profile). Variables fı´sicas y
quı´micas promedio de las muestras de agua (agrupando a todo el perfil vertical).
Variables April 22, 1998 April 29, 1998
Low tide High tide Low tide High tide
Water temperature (◦ C) 13.3 13.0 12.4 13.9
Dissolved oxygen (mg/L) 10.1 12.4 10.2 09.0
pH 07.4 07.0 07.0 07.9
Salinity () 00.0 23.0 00.3 23.0
Conductivity (µS/cm) 120 29 500 280 29 500
Alkalinity (mg CaCO3/L) 08.0 17.0 09.0 15.0
Chlorophyll a (mg/m3) 01.6 00.8 01.3 01.3
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Figure 3. Temporal variation of total bacterial number and biomass in the low tide experiment (Bar and whisker plot; bars: Mean
± Standard error; whiskers: Mean ± Standard Deviation; 20-µm screened sample: P; 1-µm filtered sample: NP; 20-µm screened
sample with glucose amendment: PG; 1-µm filtered sample with glucose amendment: NPG). Variacio´n temporal del nu´mero
total de bacterias y biomassa durante el experimento en baja marea (Barras y figura whisker; barras: Media ± Error esta´ndar,
whiskers: Media ± Desviacio´n esta´ndar; muestra filtrada a 20-µm: P; muestra filtada a 1-µm: NP; muestra filtrada a 20-µm con
enriquecimiento de glucosa: PG; muestra filtrada a 1-µm con enriquecimiento de glucosa: NPG).
the influence of the buffering capacity of seawa-
ter. The physical and chemical variables measu-
red in the sampled area were similar to the va-
lues reported for the same area by Fidalgo (1998).
Total bacterial abundance appeared to be
significantly higher at high tide ( p < 0.01,
t−test) than at low tide (Fig. 2), since 9.18
× 105± 2.84 × 105 cells/ml, and 5.44 ×
105 ± 1.50 × 105 cells/ml, were respectively
measured (mean ± SD). By contrast, higher
abundances of total coliforms, faecal coliforms,
and faecal streptococci were recorded at low tide
comparing to high tide ( p < 0.01, t−test) (Fig.
2). In a 10-month study on the bacterioplankton
of the Minho Estuary River (1996-1997),
Pinheiro & Fidalgo (2000) reported similar
values for high tide water samples.
Laboratory experiments
Low tide experiment
Temporal variation of total bacterial number and
biomass recorded in the low tide experiment is
shown in figure 3. A steady increase of bacterial
population abundance was recorded from the
first to the second day of incubation, except for
the samples with glucose amendment. Bacterial
abundance did not seem to be controlled by the
presence of predators (20 µm-screened samples).
Up to the second day of incubation, there
was hardly any significant difference between
screened and filtered samples. The difference
only appeared in glucose-amended cultures,
where a decrease in TBN was observed. At
the end of the incubation period (fourth day),
a similar decrease in TBN in the non-amended
samples was observed.
A difference in the bacterial biomass between
screened and filtered samples was observed after
two days of incubation, with higher values in
screened samples. However, this difference was
maximal on the third day with the highest
biomass values observed in filtered samples.
By comparing the total bacterial number and
the biomass it was observed that in the screened
samples (with and without glucose) the cell num-
ber increased while the bacterial biomass decrea-
642 Anne et al.
Figure 4. Mean bacterial growth rate in low and high tide experiments (Bar and whisker plot; bars: Mean± Standard error; whiskers:
Mean ± Standard Deviation; 20-µm screened sample: P; 1-µm filtered sample: NP; 20-µm screened sample with glucose amendment:
PG; 1-µm filtered sample with glucose amendment: NPG). Tasa media de crecimiento en experimentos en baja y alta marea (Barra
y figura whisker; barras: Media ± Error esta´ndar; whiskers: Media ± Desviacio´n esta´ndar; muestra filtrada a 20-µm: P; Muestra
filtrada a 1-µm: NP; muestra filtrada a 20-µmcon enriquecimiento de glucosa: PG; muestra filtrada a 1-µm con enriquecimiento de
glucosa: NPG)
sed. However, no decrease in biomass was ob-
served in the filtered samples (with and without
glucose). These findings are in accordance with
growth rate calculations, because mean bacterial
growth rates observed at low tide (Fig. 4) indi-
cated significantly higher growth rates in filtered
samples compared to screened ones. Thus, sam-
ple filtration seemed to have enhanced the growth
rate in filtrates whose estimated values varied
between 0.15 day−1 and 0.50 day−1.
High tide experiment
The temporal variation of total bacterial number
and biomass in the high tide experiment is
illustrated in figure 5. In contrast to the low tide
experiment, bacterial abundance variation was
not clearly related to the eventual absence or
scarcity of predators in filtered samples.
Concerning biomass variation, an increase
of bacterial biomass in screened samples was
recorded after two days of incubation, as
mentioned earlier for the low tide experiment.
Generally, the community specific growth rates
were higher in the 1 µm-filtered samples than
in the 20 µm-filtered samples, except in one
treatment during the high tide experiment (20
µm-filtered samples without glucose) (Fig. 4).
We do not know if this was a possible
artefact, calling for a clarification in future
experimentations.
In both experiments, the initial bacterial
assemblages of incubated water samples that
were filtered through 1 µm to eliminate the
predators contained less faecal indicator bacteria
( p < 0.01, t-test) than in 20 µm-screened water
samples. This may reflect the influence of the
filtration step, which can considerably modify
and affect the bacterial size distribution of the
community, as reported by Suzuki (1999).
DISCUSSION AND CONCLUSIONS
The total bacterial abundance (TBN) values
obtained were in the range reported for oligotro-
phic and mesotrophic coastal zones (Nybroe et
al., 1992; Christoffersen et al., 1995; Suzuki,
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Figure 5. Temporal variation of total bacterial number and biomass in the high tide experiment (Bar and whisker plot; bars: Mean ±
Standard error; whiskers: Mean ± Standard Deviation; 20-µm screened sample: P; 1-µm filtered sample: NP; 20-µm screened sample
with glucose amendment: PG; 1-µm filtered sample with glucose amendment: NPG). Variacio´n temporal del nu´mero y biomassa
de total de bacterias en el experimento en condiciones de marea alta (Barras y figura whisker; barras: Media ± error esta´ndar;
whiskers: Media ± desviacio´n esta´ndar; muestra filtrada a 20-µm: P; muestra filtrada a 1-µm: NP; muestra filtrada a 20-µm con
enriquecimiento de glucosa: PG; muestra filtrada a 1-µm con enriquecimiento de glucosa: NPG).
1999). The higher TBN at high tide may be the
result of several processes, such as a resuspension
of bacteria from sediments by strong current
movements within the prospected area. The
higher occurrence of total coliforms, faecal
coliforms, and faecal streptococci recorded at
low tide may indicate the contribution of urban
drainage and/or agricultural land run-off, as
suggested by Ferna´ndez-Alvarez et al. (1991).
However, the levels of faecal coliforms found in
the Minho Estuary River indicated fairly clean
waters, since the abundance of these indicators
were within the range recommended by the
Portuguese legislation for bathing purposes
(Ministry of Environment of Portugal, 1998).
During this study, the obtained biomass values
were in the range of those reported in the lite-
rature for different aquatic ecosystems (Azam et
al., 1983; Linley et al., 1983; Gast, 1985; Mcma-
nus & Fuhrman, 1988). Linley et al. (1983) re-
ported a similar range for European coastal waters.
The incubation period used in these experiments
(4 days) is generally considered to be adequate
for bacterioplankton studies, because bacterial
generation time has been reported to vary
between 2 and 4 days (Vrede et al., 1999).
Furthermore, 3-4 days is long enough for bacte-
rioplankton to respond to nutrient manipulation
(Pinhassi et al., 1999; Sherr et al., 1999; Vrede et
al., 1999; Drakare, 2002).
Although it may be criticized, the volume in-
cubated in this study was in the range of volu-
mes generally used in this kind of experiments.
In their interesting review, Duarte et al. (1997)
came to the conclusion that, statistically, the me-
dian volume used in experiments with microbial
aquatic ecology was about 800 ml.
Vrede et al. (1999) also reported that organic
carbon concentrations as high as 18 mg C/L
(as glucose) had a positive effect on bacterial
production but only a limited effect on bacterial
abundance. A certain similarity can be found
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with our study, although we used a lower glucose
concentration (1 mg C/L). These observations are
in agreement with Caron et al. (2000), who found
no stimulatory or marginal effects of glucose
amendment on bacterial production and growth
in oligotrophic waters. Using the same range
of glucose concentration to create a gradient of
organic amendment (0.3 to 30 mg C/L), Drakare
(2002) compared competition ability between
heterotrophic bacteria and picophytoplankton.
As described by Fidalgo (1998), the Minho
Estuary River is an oligo-mesotrophic costal
zone with low nutrient content (P and N). This
can indicate that the weak variation of bacterial
abundance may be related to inorganic nutrient
limitation. Thus, to enhance bacterial growth, the
addition of these nutrients in the experimental
design should have been considered, and it will
be taken into account in future works.
Some of the smallest heterotrophic nanofla-
gellates may have been able to pass through
1 µm pore size filters, and Mcmanus & Fuhrman
(1988) report evidence that up to 50 % of the gra-
zing activity (heterotrophic nanoflagellates) can
pass 0.6 µm pore-size filters. If this was the case,
four days of incubation was enough time for na-
noflagellates to increase in abundance and reduce
bacterial biomass in the 1 µm treatments of the
high tide water experiment. This effect would be
in accordance with Lebaron et al. (1999), who
reported a rapid control of bacterioplankton bio-
mass by protozoan grazing in batch mesocosms.
The delay of two days to increase bio-
mass in screened samples in the high tide ex-
periment could be the result of a “shift-up”
in bacterial metabolic activity and a simulta-
neous lag-phase for protozoan predators be-
fore reaching sufficient density to allow them
to control bacterial biomass in the subse-
quent days as observed by Sherr et al. (1999).
Comparing the experiments at both tidal con-
ditions, it was clear that bacterial specific growth
rates were significantly higher at low tide than at
high tide. These differences can be compared to
results reported by Schultz & Ducklow (2000),
who reported significant differences in patterns
of bacterioplankton community metabolic capa-
bilities along the salinity gradient of an estuary
in Virginia. Cunha et al. (2000, 2001) found evi-
dence of enhanced bacterial densities, glucose in-
corporation and biomass production in brackish
water comparing with marine water in a Por-
tuguese estuarine system; their findings can be
compared to the tidal effects found in the pre-
sent study and can help to explain why growth
rates were much lower at high tide compared to
the low tide experiment (Fig. 4).
These results seem to lead to a possible
absence or decrease of grazing impact of
predators in filtered samples. On the other hand,
nutrient increase in filtrates via cell disruption
can also favour bacterial growth (Ferguson et al.,
1984; Sherr et al., 1999). Both effects could have
also jointly resulted in the observed increase of
the bacterial growth rate in our filtered samples.
Furthermore, the calculated bacterial specific
growth rates in the Minho Estuary River
were within the range reported by Mcmanus
& Fuhrman (1988) for marine waters; our
results were, however, in the lower end of
the range reported by Pulido-Villena & Reche
(2003) who stated values of bacterial specific
growth rates that ranged from 0.26 to 3.34
day−1 for a comprehensive range of aquatic
ecosystems. Nonetheless, it must be emphasized
that these authors referred to experimental
situations without mineral nutrient limitation.
In conclusion, the physical and chemical
conditions observed during the two tidal events
of the Minho Estuary River can be considered
as typical for oligo-mesotrophic costal zones.
Although not expected, the bacterial abundance
was higher during the high tide, probably
due to hydrodynamics and resuspension of
bacteria from the sediment. The abundance
of faecal indicators was higher at low tide
conditions, probably as a result of continental and
agricultural land run-off influence.
Glucose amendment was not found to have
a clear stimulating effect on bacterial growth in
the described experiments with water samples
from the oligo-mesotrophic waters of the Minho
Estuary River. This result seems to indicate that
the supplemented concentration may have been
insufficient, and/or bacterioplankton growth may
have been limited by inorganic nutrients.
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This study needs to be continued in order
to better understand some fundamental aspects
concerning interactions between bacteria and
heterotrophic nanoflagellates in the studied
estuary, by tackling in more detail the size and
biomass distribution as well as growth rates of
these two groups of micro-organisms.
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